The structures and energies of model defects consisting of copper and hydrogen in silicon are calculated using the AIMPRO local-spin-density functional method. For isolated copper atoms, the lowest energy location is at the interstitial site with T d symmetry. Substitutional copper atoms are found to adopt a configuration with D 2d symmetry. We conclude that the symmetry is lowered from T d due to the Jahn-Teller effect. Interstitial hydrogen atoms are found to bind strongly to substitutional copper atoms with an energy that is more than the difference in formation energy over the interstitial site for Cu. The resulting complex has C 2v symmetry in the −2 charge state where the H atom is situated about 1.54 Å away from the Cu atom in a ͓100͔ direction. In other charge states the symmetry of the defect is lowered to C s or C 1 . A second hydrogen atom can bind to this complex with nearly the same energy as the first. Two structures are found for copper dihydride complexes that have nearly equal energies; one with C 2 symmetry, and the other with C s symmetry. The binding energy for a third hydrogen atom is slightly more than for the first. Calculated electronic levels for the model defects relative to one another are found to be in fair to good agreement with experimental data, except for the copper-dihydride complex. The copper trihydride complex has no deep levels in the bandgap, according to our calculations.
I. INTRODUCTION
Copper is well known for its remarkable ability to diffuse through silicon very easily as interstitial atoms. The activation energy is measured to be only 0.18± 0.01 eV ͑Ref. 1͒. It can also replace silicon atoms in the form of substitutional defects Cu Si , and form complexes with impurities and silicon vacancies. The electrical levels of various copper related defects are known from experiment. [2] [3] [4] [5] [6] [7] Analysis and interpretation of the observations is assisted by the fact that related impurities and their complexes with hydrogen such as zinc, 8 silver, 9 gold, 10,11 platinum, 12 and palladium 13 have defect induced levels of similar character. According to Watkins, the electrical levels of substitutional transition metals are derived from those of the silicon monovacancy V Si ͑Ref. 14͒. In this model, the d states of a transition metal impurity, deep in the valence band, perturb the t 2 gap levels of ideal, T d -symmetry V Si . Hydrogen atoms behave as donors or acceptors, depending on the electron chemical potential e or Fermi level. Thus, the ionization energies of hydrogenated substitutional transition metals in silicon are also derived from those of V Si . The experiments mentioned previously all employ thermalelectrical techniques to measure the energies of the electrical levels, namely, deep level transient spectroscopy ͑DLTS͒, Laplace DLTS, and minority carrier transient spectroscopy ͑MCTS͒. However, these methods provide very little direct information about what form these defects take.
The technological interest that motivates our work comes from the increasing use of copper instead of aluminum for electrical connections on silicon-based microelectronic devices. Copper gives superior performance, except for the problem of diffusion where elaborate schemes must be employed to prevent contamination of silicon devices by the metal. One such scheme is to trap copper atoms in stable defects that do not interfere with device operation. It is, therefore, crucial to model the properties of these defects at the atomic scale. In the work reported here we use an accurate method based on the local-spin-density approximation of density functional theory.
In previous theoretical studies using local-density, localspin-density, and Hartree-Fock approximations, Estreicher and Hastings, 15 Estreicher, 16, 17 Estreicher et al., 18 and West et al. 19 considered defects involving various combinations of Cu, O, H, and vacancies in Si. Their work focused on the formation energetics, structures, and dynamics of the defects. The main emphasis in this work is on the electrical levels of substitutional copper and copper-hydrogen complexes in Si.
We will also compare our results for formation energetics and structures with those of Refs. [15] [16] [17] [18] [19] .
II. METHOD A. Total energy calculations
Model defects are constructed in supercells with cubic crystal symmetry, where the ideal Si structure contains either 64 or 216 atoms. In other words, the pure Si supercells consist of either 2 ϫ 2 ϫ 2 or 3ϫ 3 ϫ 3 conventional cubic unit cells stacked together. Their total energies are calculated using a program package based on self-consistent spinpolarized local-density-functional theory, AIMPRO. [20] [21] [22] It can provide detailed information about the structure of defects, their formation energies, electronic band structure, local vibrational modes, etc. The method uses a Gaussian basis set to describe the Kohn-Sham wave functions of the valence electrons, while the charge density is represented by a plane wave basis in reciprocal space, together with the MonkhorstPack ͑MP͒ scheme to sample the band structure. 23 Core electrons are replaced by a pseudopotential constructed using the Hartwigsen-Goedecker-Hutter ͑HGH͒ scheme. 24 The exchange-correlation energy contribution is evaluated according to the formula described by Perdew and Wang. 25 Selected tests are then performed to ensure that the various choices and approximations made for the particular problem under consideration are valid. To achieve satisfactory results it is necessary to have four Gaussian functions per atom for the wave-function basis. Orbitals with s, p, and d symmetry are generated by appropriate prefactors. For Si atoms, d orbitals are only needed for the two smallest Gaussians, and H atoms require none. The plane wave basis kinetic energy cutoff E cut that is required to yield converged total energies depends on the types of atoms present. For Si atoms only, this is E cut ϳ 80-120 Ry. When H atoms are included, it is necessary to increase this to E cut ϳ 300-450 Ry. Cu atoms need the cutoff energy set to E cut ϳ 450-675 Ry, due to the rapidly varying wave functions of their 3d electrons. The MP sampling mesh required depends on the size of the supercell. For the smaller, 2 ϫ 2 ϫ 2 supercells we use MP-4 3 k points, while for the larger 3 ϫ 3 ϫ 3 supercells we use MP-2 3 k points. The mesh is shifted to avoid the ⌫ point and folded according to the symmetry of the system. These values for E cut and MP k points yield total energies that in purely numerical terms are converged to Շ10 −5 Ry or Շ10 −4 eV. Defect formation energies are calculated by the conventional method as described by previous authors. [26] [27] [28] [29] [30] In general terms, for defect in charge state q its formation energy is defined as
where E d ͑q͒ is the total energy of a supercell containing a defect composed from n i atoms of type i with chemical potential i , and where e is the electron chemical potential with respect to the top of the valence band of the pure material. The occupancies of defect-induced electrical levels in the bandgap are set by including the appropriate number of electrons in the calculation and keeping the net charge neutral to prevent the total energy from being divergent by applying a uniform background charge of equal and opposite magnitude to the sum of electrons and protons.
B. Electrical levels
The supercell formalism performs poorly at calculating absolute values for the energies of defect levels. Various remedies have been suggested, but none have yet proved to be entirely satisfactory.
The first problem before Eq. ͑1͒ can be applied is to determine the potential of the system, which has no straightforward reference. One method is to estimate the average potential of the supercell sufficiently far from any defect it may contain. Unfortunately, it is often not clear whether a suitable region exists in a supercell where such an average may be taken. The most common method to fix the potential involves aligning the electronic bands of the supercells, plotted as graphs. This procedure normally works alright, but fails when the chosen bands ͑usually the top of the valence band; often the bottom of the valence band͒ are confused with defect-induced bands. Even for experienced hands, this pitfall is often not obvious, and when detected it is usually difficult to find an alternative route.
A further, small correction may be necessary to allow for the fact that an electronic transition probably occurs at a point in the Brillouin zone ͑typically ⌫͒ that does not coincide with any point in the sampling mesh.
Then there is the problem that finite charge distributions in a supercell interact with their images. The resulting energy contribution can be estimated by adding a Madelung correction to Eq. ͑1͒ ͑Ref. 31͒. This is a sum of terms of which the monopole energy is E M ͑q͒ = ␣ M q 2 / L⑀; where ␣ M is the Madelung constant, L is the lattice parameter, and ⑀ is the permittivity of the material. The main problems with this correction are that convergence is slow with respect to the cell size, and being proportional to q 2 makes it unreliable for ͉q͉ Ͼ 1. The permittivity is also difficult to calculate accurately ab initio, and normally one must resort to using measured values. The Madelung constant, at least, depends only on the geometry of the supercell.
To avoid these problems, the method that we adopt, therefore, is one that depends only on total energies without any further corrections applied. It provides results in a practical and consistent form in the following way. First, we define for a defect state labeled d with charge states q and qЈ a configuration energy per electron C d ͑q / qЈ͒ that is simply the difference in the total energy divided by the difference in charge between the two states, so that
Note that the structure of the defect in charge state q is not necessarily the same as when it is in charge state qЈ. The configuration energies of d can then be compared with the configuration energies of a chosen reference state or "marker" labeled m. This may be either another defect, or a supercell without any defect in it. The energy per electron of the state d relative to the reference state m is then
If m is a defect that has a measured electronic transition energy per electron E m ͑p / pЈ͒ between charge state p and pЈ, then it is possible to estimate the energy of a defect level
Otherwise, when m is a supercell without any defect in it, C m ͑0/ +1͒ = E v , the energy level of the top of the valence band, while C m ͑−1/0͒ = E c , the energy level of the bottom of the conduction band. Note that the bands of the charged, pure Si supercells are occupied according to a metallic filling scheme. 32 It is also necessary to increase the density of the band-structure sampling to MP-6 3 for 64-atom supercells and MP-4 3 for 216-atom supercells. This method for calculating the energies of electrical levels relies on the cancellation of systematic errors and, therefore, is more likely to give best results when d and m are most similar in their electronic character, symmetry, structure, and so on. For example, if both are substitutional transition metals that are near to one another in the periodic table such as Ag and Au, then estimates of the levels of one with respect to the other are likely to be more accurate than if the reference state is a dissimilar defect. Moreover, while there is no particular restriction on what p, q, pЈ, and qЈ are, the best results are expected when both p = q and pЈ = qЈ. Naturally, comparing the levels of one defect with another depends on there being a suitable defect to make the comparison with, and it means that the calculation is no longer truly ab initio. If an ab initio result is wanted, then m must be a pure Si supercell without any defect.
Based on past experience, differences in configuration energies between different charge states of similar defects D d ͑q / qЈ͒ typically have errors ϳ ± 0.1 eV. In favorable circumstances this error can be smaller. The worst case is expected to be when the reference state m is a pure, ideal Si supercell: then the error may be larger, but perhaps no worse than by a factor of two. Absolute formation energies tend to be of similar accuracy, while differences in energies between similar structures in the same charge state are normally an order of magnitude more accurate. It is difficult to be more precise than this without being unduly pessimistic or overly optimistic. Opinions vary widely on this subject. To guard against rounding errors we quote configuration energies with more digits than the real accuracy of the underlying theoretical approximations. This facilitates possible future reuse or reanalysis of the results.
III. RESULTS AND DISCUSSION

A. General observations
In small supercells the concentration of defects considered here is very much larger than in reality where it is close to the infinitely dilute limit; therefore, to simulate the true situation we choose to fix the lattice parameter a describing supercells to the value that minimizes the total energy of pure Si. For the record, this is calculated to be a = 5.3948 Å or 99.33% of the observed value. The calculated bulk modulus is B 0 = 97.0 GPa ͑observed B 0 = 97.7 GPa͒.
Several types of defects are considered in the work reported here: copper-hydrogen complexes; isolated substitutional copper atoms; isolated interstitial copper, and isolated interstitial hydrogen atoms. For the defects involving hydrogen, and for substitutional copper, several different structures are compared.
When d and m are identical supercells of pure silicon without any defects, then
is the theoretical bandgap E g of the system. This depends on the cell size. The calculated configuration energies for the two sizes of supercell used in this work are given in Table I . For the smaller supercell E g = 6.023− 5.037Ϸ 0.99 eV, while for the larger supercell E g = 5.884− 5.175Ϸ 0.71 eV. This effect is a consequence of the fact that the carrier concentration in a charged supercell of volume V varies as 1 / V and the dispersion decreases as cell size increases. Hence, E g converges on the local-density approximation ͑LDA͒ value ͑which in the case of Si is about half the true value͒ as the supercell size grows.
If pure silicon supercells are used as the reference configuration energies C m ͑p / pЈ͒ for calculating the ionization energies of defects, then it is evident that this leads to another problem when the real ionization energy is more than the theoretical bandgap of the supercell but still less than the real bandgap of the crystal. In cases where this occurs we need to adopt a different strategy. If it is known or judged that a level falls into this category, then, ionization energies for donors are calculated with respect to E c ͓i.e., C m ͑−1/0͒, where m =Si͔ instead of E v , and the other way around for acceptors. Making this judgement for levels about which little or nothing is known is going to be a subjective decision, but in the absence of a better theory, there is no alternative.
B. Isolated hydrogen
Isolated interstitial hydrogen in silicon H i has been studied in great detail in the past by many experimental and theoretical methods: see, for example, Refs. [33] [34] [35] [36] . See also the recent study of muonium in Si by Lord et al. 37 Thus, in our calculations isolated hydrogen represents a known reference state. H i induces an electronic level in the bandgap that may be occupied with zero, one, or two electrons depending on where the position of the Fermi level e is with respect to TABLE I. Configuration energies C d ͑q / qЈ͒ in electron volts for silicon supercells without any defect. The quoted precision, while being numerically significant, is probably at least an order of magnitude better than the theoretical approximations provide. This is to guard against propagation of rounding errors in any subsequent reuse.
Si 64-atom supercell 5.037 6.023 Si 216-atom supercell 5.175 5.884 the defect state. As a bare proton H i +1 , or a neutral atom H i 0 , its lowest energy location is at the bond-centered site between silicon atoms, while in the −1 charge state it prefers to be situated at or near the tetrahedral interstitial site, away from regions of high electron density. In the bond-centered state, the Si-Si distance is about 40% larger for a bond containing a proton than the bulk value.
The calculated formation energy of the neutral bondcentered defect ͑H i ͒ bc 0 in the smaller and larger size supercells, respectively, is 1.47 and 1.42 eV relative to to isolated hydrogen molecules and bulk silicon. A neutral hydrogen atom at the tetrahedral interstitial site
0 is estimated to be higher in energy by 0.12 eV by our method. This energy difference is 1.08 eV in the +1 charge state, while in the −1 state the situation is reversed and the ͑H i ͒ T d −1 defect is lower in energy by 0.66 eV relative to ͑H i ͒ bc −1 .
C. Electrical levels of isolated hydrogen
The gross change in structure with charge state for H i gives it the special property that the donor level lies above the acceptor level; hence, the quantity Using C m ͑−1/0͒ where m = Si from Table I as our reference makes the calculated donor level E d ͑0/ +1͒ = 6.023− 5.913Ϸ E c − 0.11 eV for the smaller supercell, and E d ͑0/ +1͒ = 5.884− 5.817Ϸ E c − 0.07 eV for the larger supercell. Note that because this is a donor with an energy with respect to E v well above the theoretical bandgap, we need to use E c as the reference. Our calculated acceptor level, which includes the change in structure, is E d ͑−1/0͒ϷE c − 0.71 eV for the smaller supercell and E d ͑−1/0͒ϷE c − 0.50 eV for the larger supercell. This means that U Ϸ −0.60 eV in the smaller supercell, and U Ϸ −0.44 eV in the larger supercell.
If we assume that the transition state is neutral hydrogen at a tetrahedral interstitial site Substitutional copper with T d symmetry, in the neutral charge state, has a doubly degenerate t 2 level occupied by three electrons. This raises the possibility that it may undergo a symmetry lowering Jahn-Teller distortion that splits the orbital degeneracy into two levels of a 1 and e character. The effect is not expected to be large, and any energy minima fairly shallow. To examine the problem, several different initial structures with different symmetries are used in addition to the ones with T d symmetry. The AIMPRO computer code can either preserve the symmetry of the initial structure when minimizing the total energy, or perform an unconstrained optimization as required. The relaxation pattern when using unconstrained optimization in 64 atom supercells appears to result in a structure with approximately D 2d symmetry in neutral and negative charge states.
There are two ways that a distortion with D 2d symmetry may occur. The pattern found here is such that for the six Si-Si lengths between the four Si atoms neighboring the Cu atom, there are four equivalent lengths which are shorter than the other two, that in turn are equivalent to each other. In other words, the bounding box for this structure with its six faces in the cubic ͕100͖ planes is short and broad in shape rather than long and thin. For convenience we will label this D 2d ͑A͒. The other form, which we will consider later, has the four equivalent Si-Si lengths longer than the other pair of equal lengths. Its bounding box in the six cubic ͕100͖ planes is long and thin; we will label this form D 2d ͑B͒. The energy difference between the unconstrained structure and the one with exact T d symmetry is greatest in the −1 charge state: the amount is nearly 0.05 eV. In the neutral state the energy difference is about one twelfth of the size, while in the −2 charge state it is about six times smaller than in the −1 charge state. No significant distortion occurs in the +1 charge state: the unconstrained optimization and the T d symmetry system both have essentially the same total energy and structure. In all charge states the Cu-Si distance is smaller than the bulk Si-Si bond length. The more electrons the system has, the greater the difference becomes.
It is well established both in theory and by experiment that the related system of V Si undergoes a similar Jahn-Teller distortion, and that the nature of the distortion given by theory depends on the model used, particularly its size. For example, see Ref. 38 . The supercell based on 64 atoms, while being a useful model, is not really sufficiently large to obtain a fully converged result with respect to size. The 216- If the symmetry of the system is lowered to C 2v , then the pair of Si-Si lengths that are equal in the D 2d case are now unequal. The two unequal and four equivalent lengths can be ordered in three ways. Our initial, unoptimized structure has one of the unequal lengths shorter than the set of four equivalent ones, and the other is longer. Following optimization, this pattern is retained when the defect has a negative charge, while in the neutral and positive states both of the unequal lengths are shorter than the set of equivalent four. The total energy in all charge states is nearly the same as for the D 2d ͑B͒ structure.
Attempts to optimize structures with C 3v symmetry do not yield good results. The algorithms for self-consistency fail, and even with various adjustments to work around the problem, the total energy is always higher than for the exact T d case.
When no symmetry constraints are applied then the optimized structure is essentially the D 2d ͑A͒ configuration in the negative and neutral charge states, and matches very closely the D 2d ͑B͒ form in the +1 charge state. Their total energies in the unconstrained and constrained calculations are equal to within the numerical accuracy of the method. The formation energy in the lowest energy configuration for neutral substitutional copper in silicon calculated by this method in a 216-atom supercell is E f ͑Cu Si 0 ͒Ϸ2.35 eV with respect to fcc copper metal and cubic silicon. Details of these results are given in Table III. At this point it is necessary to consider some less obvious consequences of the approximations made in these calculations. All essential tests, adjustments, and optimizations have been made with due care and attention. We find that a symmetry lowering structural distortion occurs, apparently due to the Jahn-Teller effect. However, the way that we have sampled the band structure and ignored spin-orbit interactions means that the character and magnitude of the distortion may still be wrong. By following the normal practice of using a sampling mesh that deliberately avoids the gamma point ͑which would give a poor estimate of the total energy if included͒ we have already broken the orbital symmetry. This leads to an artificial lowering of the total energy. Having said this, the situation is not as alarming as it might seem. When a supercell is large, the Brillouin zone is small, hence any point in it is near ⌫ where the orbital symmetry is correct. Thus, for a sufficiently large supercell the artificial splitting of the degenerate level and dispersion effects due to the supercell formalism should be negligible. Spin-orbit coupling effects can also lift the orbital degeneracy. As these are not included in our model, this introduces an additional uncertainty, although we expect this to affect things to a lesser degree than the Brillouin zone sampling does. Under most circumstances the factor limiting the accuracy of the method is the local-spin-density approximation itself.
E. Electrical levels of isolated copper
Isolated substitutional copper in silicon has three electrical levels in the bandgap. Measurements reported over a number of years have provided progressively better estimates of their energies. 2, 3, [5] [6] [7] The three levels, according to Knack et al., [5] [6] [7] Table IV . For interstitial copper we have only performed calculations using the smaller size of supercell. The calculated energy of the donor level is E d ͑0/ +1͒ Ϸ E c − 0.03 eV. In other words, adding an electron to this system costs very nearly the same energy as adding an electron to a 64-atom supercell of pure silicon. For substitutional copper, symmetry has a larger effect in the larger supercell, and increases as electrons are added to the system. When the symmetry is unconstrained and using m = Si, we arrive at E d ͑0/ +1͒ϷE v + 0. bandgap energy E g = 1.17 eV. This yields E d ͑−1/0͒ϷE c − 0.69 eV for the observed level.
F. Copper-hydrogen complexes
Copper and hydrogen in silicon can combine to form copper-hydrogen complexes. These have several possible structures and charge states to consider, making this a more complicated problem than the isolated atoms. For example, there are three arrangements with trigonal symmetry that have collinear Cu Si , Si Si , and H atoms: ͑Si Si -Cu Si -H͒ C 3v , ͑Cu Si -H bc -Si Si ͒ C 3v , and ͑Cu Si -Si Si -H͒ C 3v . It is also possible that a hydrogen atom may be located in some other direction relative to a given Cu-Si bond. According to our calculations, the lowest energy structure in all charge states has the H atom close to a cubic site and directly bonded to the copper. This is located in a ͓100͔ direction on a ͑110͒ plane between two equivalent Si atoms. The exact location of the H atom depends on the charge state of the complex. When the defect is negatively charged then the H atom is equidistant from the two nearest Si atoms, and occupies in the same ͑110͒ plane as them and the Cu atom. The defect has C 2v symmetry ͑see Fig. 1͒ . In the neutral and +1 charge state the minimum energy structure has either C s or C 1 structure ͑see Figs. 2 and 3͒. The energies of these structures are degenerate, and are only very slightly lower than the C 2v -symmetry structure. In the neutral state the energy difference is estimated to be only 0.01 eV and in the +1 state the difference is 0.03 eV. It is debatable whether or not these amounts are significant.
The energies of the collinear structures with C 3v symmetry are higher in all charge states than the ones with the H atom close to a cubic site. In the neutral state the energy differences are 0.22 eV for ͑Si Si -Cu Si -H͒, 0.33 eV for ͑Cu Si -H bc -Si Si ͒, and 0.73 eV for ͑Cu Si -Si Si -H͒, using 65-atom supercells. The charge state has very little effect on these energies.
There is a significant binding energy between Cu Si and interstitial H. Two different structures with nearly equal energies in each charge state have been found for copper dihydride Cu Si -H 2 . One of them has C 2 symmetry while the other has C s symmetry. The rotation axis for the C 2 -symmetry structure is the ͓100͔ axis that passes through the copper atom and between the two hydrogen atoms ͑see Fig. 4͒ . The mirror plane for the C s -symmetry structure is the ͑100͒ plane that contains the copper atom and has the two hydrogen atoms in equivalent positions either side of it ͑see Fig. 5͒ .
The relative energies of these two defects depend on their charge state. When the defects have a charge of −2 their energies are equal to the accuracy of the method. In the charge states −1, 0, and +1 the energy of C 2 -symmetry structure is estimated to be lower than that for the C s -symmetry structure by 0.02, 0.06, and 0.11 eV, respectively. For both sizes of supercell, the binding energy of a second hydrogen atom to a copper-monohydride complex ͑Cu Si -H͒ C s 0 +H bc 0 → ͑Cu Si -H 2 ͒ C 2 0 +Si Si is estimated to be 1.65 eV, a value only slightly less than that for the first H atom. West et al. 19 also report that the binding energy of the second H atom is about 0.1 eV smaller than the first: their result is 2.32 eV. In annealing experiments, Knack measured the binding energy to be 1.2 eV ͑Ref. 5͒. He notes that in n-type material Cu Si -H and Cu Si -H 2 complexes should be negatively charged and that interstitial H atoms will be in the +1 charge state. According to our calculations, the reaction ͑Cu Si -H͒ C s −2 +H bc +1 → ͑Cu Si -H 2 ͒ C 2 −1 +Si Si yields 1.25 or 1.40 eV for small and large supercells, respectively. Here, we have taken the charge states to be those that the model defects have when the Fermi level e is at the bottom of the conduction band. A third hydrogen atom added to the copper dihydride complexes is calculated to bind with an energy of about 1.76 eV to form copper trihydride complexes Cu Si -H 3 . The opti- mized structure for a model defect based on the C 2 -symmetry Cu Si -H 2 complex has C 1 symmetry ͑see Fig.  6͒ . Its energy is essentially the same as for a model defect based on the C s -symmetry structure Cu Si -H 2 complex: in the neutral state this is higher by only 0.02 eV which is probably not significant. This defect also has very nearly C s symmetry, yet is not constrained to be so ͑see Fig. 7͒ . One of the three hydrogen atoms lies on the mirror plane: this is a ͑110͒ plane as described previously. It is not possible to resolve whether the very small asymmetry is real or due to numerical noise.
West et al. 19 estimate the binding energy of the third hydrogen atom to be 2.42 eV. They also examine the possibility of adding a fourth hydrogen atom. This, they find, is very weakly bound and they conclude that the complex is not likely to form. A full written description of the structures and symmetries of the copper-hydrogen complexes modeled by West et al. 19 is not given. From visual inspection of their figures it appears that they are similar to ours.
G. Electrical levels of copper-hydrogen complexes
Knack et al. have observed a set of six electrical levels in their experiments on silicon containing copper and hydrogen impurities that they conclude are due to defect complexes containing both copper and hydrogen. [5] [6] [7] Evidence for the identities of the defects responsible for these six levels comes from a careful analysis of their responses to various thermal, chemical, and electrical treatments, including estimating their depth distributions within the specimens. One of the defect complexes has three levels very similar to those of Cu Si . It is identified as Cu Si The identity of the defect responsible for the sixth level in the set, an acceptor near midgap at E d ͑−1/0͒ = E v + 0.506 eV, appears to be different from the others, and cannot be deduced from its properties. Knack et al. also infer from their data that there are electrically neutral, electronically passive copper-hydrogen complexes present which contain three or more hydrogen atoms.
The calculated configuration energies for our model copper-hydrogen complexes are given in Table V . Given that the total energies of the different forms of each of the three basic types of these defects are not significantly different from one another in each charge state, structure has little effect on C d ͑q / qЈ͒; hence, it is not necessary to repeat the calculations for all forms of the defects in the larger size supercell. The results for Cu Si and Cu Si -H taken together provide a crude indication of the accuracy of the method. The standard deviation ͑root mean square error͒ with respect to the measured energies for all six levels of these two defects, calculated in the large-size supercells, using ideal silicon supercells as the reference state is 0.11 eV. If Cu Si is used as the reference potential or marker to calculate the energies of the three levels of Cu Si -H, then the standard deviation is 0.07 eV. Clearly, this is by no means a rigorous analysis; however, it does give some impression of the magnitude of the errors and the level of improvement that might be expected from using an empirical marker, and is in accord with our past experience of similar calculations.
Up to this point the energy levels of the model defects bear more than a passing resemblance to the ones observed experimentally. This is not the case for d =Cu Si -H 2 . Our calculations predict that this complex has a donor level in the lower part of the bandgap and an acceptor level slightly below midgap. The model Cu Si -H 2 complexes do not induce any other levels in the bandgap.
The calculated energies for the donor level of the C 2 -symmetry complex in small and large supercells, respectively, are, The calculated acceptor level is at E d ͑−1/0͒ϷE c − 0.78 eV ͑small supercell͒ and E d ͑−1/0͒ϷE c − 0.57 eV ͑large supercell͒ with respect to pure silicon; while using m =Cu Si and E g = 1.17 eV, we estimate E d ͑−1/0͒ϷE c − 0.78 eV ͑small supercell͒ and E d ͑−1/0͒ϷE c − 0.76 eV ͑large supercell͒. As this energy is slightly larger than E g for the larger supercell, and theory does not appear to match experiment, there is uncertainty where the true level is, so we must consider carefully whether or not to make E v the reference when comparing with pure silicon supercells. If this is done, then based on our previous experience with Cu Si and Cu Si -H, the acceptor level looks too close to the donor. In this case, therefore, the true level lies a little higher than this, but below midgap. Thus, changing the reference from E v to E c does not change our conclusion significantly.
Both forms of the Cu Si -H 3 appear to be electrically inactive defects. The energy needed to remove one electron from the complex with C s symmetry is nearly the same as for a 64-atom supercell of pure silicon. The complex with nearly C 1 symmetry with a charge +1 has a total energy Ϸ0.06 eV lower than the C s symmetry configuration. This gives it a donor level E d ͑0/ +1͒ϷE v + 0.04 eV with respect to pure Si. This is too close to the top of the valence band to resolve definitely whether or not it is real or an artifact of the method. The theoretical acceptor levels of both types of the defect lie above the bottom of the conduction band.
IV. SUMMARY AND CONCLUSIONS
Using the AIMPRO method, we have explored the structural, energetic, and electronic properties of several defects in silicon containing copper and hydrogen impurities. A wellknown weakness of the method is the underestimation of semiconductor bandgaps. This is demonstrated for silicon by our results. Electrical levels are also difficult to calculate accurately. A strategy based on differences in total energies of supercells is developed that aims to give meaningful results by careful consideration of each particular situation.
The known properties of isolated intersitial hydrogen H i are reproduced well compared with both previous theory and experiment. This includes its structure, electrical levels, and negative-U behavior. Interstitial copper Cu i , also in agreement with experiments, according to the calculations is a shallow donor. The only known properties for isolated, substitutional copper atoms Cu Si are its electrical levels. The theoretical method again in agreement with experiment reproduces the measured energies of the defect-induced electrical levels. In addition to this it is predicted, as anticipated, that the defect is susceptible to the Jahn-Teller effect.
While the electrical levels for Cu Si have been well established by a number of successively improved measurements, far fewer data for copper-hydrogen complexes exist. In broad terms, the model copper-hydrogen complexes with lowest energy have up to three hydrogen atoms attached close to the copper atom in the open interstitial spaces nearest to the cubic directions of the silicon crystal. There are several nearly equal energy minima for the hydrogen atoms resulting in a number of different structures. Cu Si -H has three distinct variants while Cu Si -H 2 and Cu Si -H 3 have two each. It is reasonable to expect that the activation energies for transformation of the complexes from one form to another are fairly low. In all cases the binding energy per hydrogen atom when the species are neutral is similar at about 1.7 eV. This figure is a little lower for the formation of Cu Si -H 2 from Cu Si -H and H in n-type material where the charge states of the species need to be taken into account. When this is done, the theoretical estimate for the binding energy is only ϳ0.1 eV higher than the measured amount, 1.2 eV.
Theory and experiment remain in good agreement on the character and energies of the electrical levels of Cu Si -H and Cu Si -H 3 . The monohydride complex has three levels similar to Cu Si while the trihydride appears to be a passive defect. However, for Cu Si -H 2 the electronic levels of the model complex differ from the experimental assignments. Theory predicts the complex has a deep donor level in the lower part of the bandgap, between the predicted donor levels for Cu Si , and Cu Si -H. We suggest this near degeneracy may explain why no donor level has been observed for Cu Si -H 2 . The model complex also has an acceptor level above the donor and below midgap. No evidence is found for the existence of a double acceptor level for Cu Si -H 2 , or any other level within the bandgap. The calculated total energy for this complex in the −2 charge state places its energy level well above the conduction band minimum. We can find no explanation among our models for the level observed by Knack et al. at E c − 0.254 eV. The acceptor near midgap at E v + 0.506 eV also remains unexplained. Further calculations for other model defects will be needed to resolve these issues.
Finally, Table VI provides a summary of what may be considered our best estimates for the energies of electrical levels for the model defects calculated according to the strategy adopted for this work.
